Abstract. Maternal gene expression is an important biological process in oocyte maturation and early cleavage. To gain insights into oocyte maturation and early embryo development, we used microarray analysis to compare the gene expression profiles of germinal vesicle (GV)-and metaphase II (MII)-stage oocytes. The differences in spot intensities were normalized and grouped using the Avadis Prophetic software platform. Of the 12164 genes examined, we found 1682 genes with more highly expression in GV-stage oocytes than in MII-stage oocytes, while 1936 genes were more highly expressed in MII-stage oocytes (P<0.05). The genes were grouped on the basis of the Panther classification system according to their involvement in particular biological processes. The genes that were up-regulated in GV oocytes were more likely to be involved in protein metabolism and modification, the mitotic cell cycle, electron transport, or fertilization or belong to the microtubule/ cytoskeletal protein family. The genes specifically upregulated in the MII oocytes were more likely to be involved in DNA replication, amino acid metabolism, or expression of G protein-coupled receptors and signaling molecules. Identification of genes that are preferentially expressed at particular oocyte maturation stages provides insights into the complex gene regulatory networks that drive oocyte maturation and fertilization. Key words: Gene expression, Microarray, Mouse, Oocyte (J. Reprod. Dev. 53: [405][406][407][408][409][410][411][412][413][414][415][416][417][418] 2007) uring meiotic maturation of the mouse oocyte, dramatic qualitative changes in protein synthesis are observed as more than half of the mRNA is either deadenylated or even degraded [1, 2] . The selective degradation of maternal transcripts seems to occur during both maturation of the oocyte and when the zygote is formed; with regard to the latter, selective loss of maternal transcripts marks the transfer of developmental control to the zygote genome. While the synthesis of new transcripts essentially ceases after germinal vesicle breakdown, the poly (A) tails of some classes of existing transcripts are elongated, leading to increased translation and protein levels [3] . Thus, regulation of poly (A) tail length is a major mechanism used to control the activity of maternal transcripts.
transcription and microarray analyses [4] [5] [6] [7] [8] [9] . However, it remains unclear how the various genes that have been identified function to induce oocyte maturation and fertilization.
To further understand the molecular basis of oocyte maturation and fertilization, it would be of interest to identify the genes that are specifically or p r e d o m i n a n t l y e x p r e s s e d d u r i n g o o c y t e maturation. In the present study, we first evaluated the global transcriptomes of mouse GVand MII-stage oocytes by cDNA microarray analysis. This allowed us to identify the genes that are specifically up-or downregulated in MII-stage oocytes relative to GV-stage oocytes. By using the Panther classification, the upregulated genes in MII-stage oocytes were grouped according to the biological roles their proteins are known to play. This classification revealed that these proteins are predominantly involved in DNA replication, amino acid metabolism, function as G protein-coupled receptors, or signaling molecules. In contrast, the proteins encoded by the genes downregulated in M I I o o c y t e s c o m p a r e d w i t h G V o o c y t e s predominantly serve in protein metabolism and modification, the mitotic cell cycle, electron transport, and fertilization or belong to the microtubule/cytoskeletal protein family. We also selected 12 genes, that were much more highly expressed in the GV or MII oocytes that are potentially important during oocyte maturation and early cleavage. We also quantified these genes in GV and MII oocytes as well as 1-cell and 2-cell stage embryos using real time RT-PCR. We also discussed the possible roles some of these genes in oocyte maturation and fertilization.
Materials and Methods

Collection of oocytes and embryos
To obtain unfertilized and fertilized oocytes and embryos, 5-week-old B6D2 F1 female mice were induced to superovulate by intraperitoneal injections of equine chorionic gonadotropin (eCG, 5 IU) and human chorionic gonadotropin (hCG, 5 IU) 48 h apart. Animals were treated according to institutional animal care and use guidelines. GVstage oocytes were collected 45 h after the PMSG injection from the ovary by slicing, while unfertilized MII oocytes or zygotes (1C) were collected from the ampullae of unmated or mated superovulated females 20 h after hCG injection, respectively. Cumulus cells were removed by pipetting with 0.1 mg/ml hyaluronidase (Sigma, St. Louis, MO, USA) in M2 medium (Sigma). Two-cell (2C)-stage embryos were flushed out from the oviducts 55 h after the hCG injection. The oocytes/ embryos were washed in Ca 2+ -and Mg 2+ -free PBS, snap frozen in liquid nitrogen, and stored at -70 C until use.
Extraction and amplification of mRNA
The mRNA from pools of 50 oocytes/embryos was extracted using Dynabeads mRNA Direct Kit (Dynal Asa, Oslo, Norway) according to the manufacturer's instructions. Due to the low concentrations of the extracted mRNAs, the integrity and purity of the preparations could not be verified [10] . The mRNAs of six pools of oocytes (three sets each for GV and MII) was subjected to two rounds of linear amplification linearly amplified for two rounds and in vitro transcription was performed by using the RiboAmp HS RNA Amplification Kit (Arcturus, Sunnyvale, CA, USA) according to the manufacturer's instructions.
Microarray analysis
A Applied Biosystems Mouse Genome Survey Array (Applied Biosystems, Foster City, CA, USA) was used to analyze the transcriptional profiles of all samples following acute morphine exposure. This array contains 32,996 60-mer oligonucleotide probes representing 32,381 individual mouse genes and more than 3,00 0 control p robes. The microarray probes used are transcripts listed in the Celera Genomics Mouse Genome Database (http:/ /www.celera.com, Celera Discovery System), RefSeq transcripts that have been structurally created from the LocusLink public database (http:/ /ncbi.nlm.nih.bov/LocusLink/refseq.html), highquality cDNA sequences from the Mammalian Gene Collection (MGC; http://mgc.nci.nih.gov), and transcripts that have been experimentally v a l i d a t e d a t A p p l i e d B i o s y s t e m s . A r r a y h y b r i d i z a t i o n ( t h r e e a r r a y s p e r s a m p l e ) , chemiluminescence detection, image acquisition, and analysis were performed using an Applied Biosystems Chemiluminescence Detection Kit and an Applied Biosystems 1700 Chemiluminescent Microarray Analyzer (version 1.1.0) according to the manufacturer's protocol. The captured images were auto-gridded, and the chemiluminescent signals were quantified and corrected for background. Differences in microarray spot intensities were normalized and grouped by using Avadis Prophetic version 3.3 (Strand Genomics, New Delhi, India).
Data analysis
The Applied Biosystems Expression System software was used to extract the assay signal and the assay signal to noise ratio values from the microarray images. Bad spots flagged by the software (>100) were removed from the analysis. To select differentially expressed genes, the remaining genes were further filtered using the Standard Expression Array System signal to noise threshold (S/N greater than 3 in at least three samples). The filtered genes were then normalized by the Lowess Regression normalization method. Genes with significantly different expression were identified using the 2-sample t-test (P<0.05) and the fold change method (Fold change≥2). Fold changes (GV vs. MII assay signal ratio) were calculated from the average intensities of each replicated sample. To minimize multiple testing problems, we performed Benjamini-Hochberg's FDR. Genes with significantly different expression were then categorized into particular functional categories using the Protein Analysis Through Evolutionary Relationships (Panther) classification system, which is a unique resource that classifies genes by their function; published scientific experimental evidence; and evolutionary relationships to predict function even in the absence of direct experimental evidence(https://panther.appliedbiosystems.com).
Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Frozen-thawed GV-and MII-stage oocytes and 1C and 2C embryos were used to determine the expression of 13 genes during oocyte maturation and fertilization. The mRNAs from three sets of 50 oocytes/embryos was extracted using a Dynabeads mRNA Direct Kit according to the manufacturer's instructions and converted into cDNA by reverse transcription of the RNA by using the Oligo (dT) [12] [13] [14] [15] [16] [17] [18] primer and Superscript reverse transcriptase enzyme (Invitrogen, Grand Island, NY, USA). Real-time RT-PCR was then performed using the 13 primer sets shown in Table 1 . The threshold cycle (Ct) value represents the cycle number at which sample fluorescence is statistically higher than the background. The reactions were conducted according to the protocol of the DyNAmo SYBR Green qPCR Kit, which contains modified Tbr DNA polymerase, SYBR Green, optimized PCR buffer, 5 mM MgCl2, and a dNTP mix that includes dUTP (Finnzyme, Espoo, Finland). The PCR protocol included a denaturation program (95 C for 10 min), an amplification and quantification program repeated 40 times (95 C for 15 sec, 55/60 C for 15 sec, and 72 C for 15 sec with a single fluorescence measurement), a melting curve program (65-95 C, with a heating rate of 0.2 C per s e c o n d a n d c o n t i n u o u s f l u o r e s c e n c e measurement), and finally a cooling step (4 C). Fluorescence data was acquired after the extension step during PCR reactions that contained SYBR Green. The PCR products were then analyzed by generating a melting curve. Since the melting curve of a product is sequence-specific, it can be used to distinguish between non-specific and specific PCR products. To use a mathematical model, it was necessary to determine the crossing points (CP) for each transcript. The crossing point is defined as the point at which the fluorescence r i s e s a p p r e c i a b l y a b o v e t h e b a c k g r o u n d fluorescence. The relative quantification of gene expression was analyzed by the 2-ddCt method [11] . In all experiments, histone H2a (H2a) mRNA served as an internal standard [12, 13] . The sizes of the real-time RT-PCR products were confirmed by gel electrophoresis on a standard ethidium bromide-stained 2% agarose gel and visualization upon exposure to ultraviolet light. The PCR products were sequenced (Applied Biosystems, Model 373A Automated Sequencer, Oklahoma State University Recombinant DNA/Protein Resource Facility) after purification, and the sequences were confirmed with the Basic Local Alignment Search Tool (BLAST) [14] .
Results
Microarray results from GV-and MII-stage oocytes
The amplified RNA s w ere subs equently hybridized with an Applied Biosystems Mouse Genome Survey Array. This generated dependable expression profiles. We performed a Student's ttest on the expression level of each gene on the array, and this allowed us to identify those genes that, in triplicate hybridizations, consistently exhibited differential expression between two samples at the 95% confidence level. As a result, when using the P=0.05 cutoff, 1682 and 1936 genes were found to be specifically upregulated in GV and MII oocytes, respectively (Fig. 1) . When the P= 0.01 cutoff was used, 155 and 119 genes were found to be specifically upregulated in GV and MII oocytes, respectively (Fig. 1) .
Functional categorization of differentially expressed genes
To assess the possible biological significance of the upregulations of particular genes during oocyte maturation, genes showing statistically significant (P<0.05) upregulation in specifically GV or MII oocytes were grouped according to their putative functions ( Table 2 ). The two groups of genes showed similar overall functional grouping as they b o t h i n c l u d e d g e n e s i n v o l v e d i n p r o t e i n metabolism and modification; nucleoside, nucleotide, and nucleic acid metabolism; signal transduction; intracellular protein traffic; immunity and defense; the cell cycle; the developmental process; transport; the cell structure; and motility.
We then classified the down-or upregulated genes into more specific (second level) categories using the Panther classification system (https:// panther.appliedbiosystems.com). This revealed that the genes specifically decreased in the MII oocytes were significantly more likely to be involved in protein metabolism and modification (P<0.01, Table 3 ), the mitotic cell cycle and microtubule/cytoskeletal protein family (P<0.05, Table 4 ), electron transport (P<0.05, Table 5 ), and fertilization (P<0.05, Table 6 ). In contrast, the genes specifically upregulated in the MII oocytes were significantly more likely to be involved in DNA replication (P<0.05, Table 7 ) G protein-coupled receptors (P<0.05, Table 8 ), amino acid metabolism (P<0.05, Table 9 ), and expression of signaling molecules (P<0.05, Table 10 ).
Those genes whose molecular function did not belong in any of the categories were placed in the "others" category in Table 2 . Moreover, the uncharacterized genes unique to the ABI 1700 clone set have been designated as "uncharacterized" in the tables.
Confirmation of differentially expressed genes by realtime RT-PCR
The small amount of RNA extracted from the samples used in the microarray analysis prevented us from confirming the microarray results by Northern hybridization. Therefore, we used realtime RT-PCR to confirm the differential expression of selected genes in the GV and MII oocytes. We first analyzed six genes that the microarray analysis revealed were more highly expressed in the MII oocytes, namely, Gfer, Uqcrfs1, Tuba7, Tuba4, Dctn2 and Zp3, (Fig. 2) . All of these genes were also found by real-time RT-PCR analysis to be decreased in the MII oocytes compared with their expression in the MII oocytes. In addition, we found that not only were these genes downregulated in the MII stage compared with the GV stage, they were also downregulated in the 1C and 2C embryo stages.
We also subjected 6 genes, which microarray analysis revealed were to be upregulated in the MII stage compared with the GV stage, to verification by real-time RT-PCR. These genes were Recc1, Terf2, Cxcr3, Glud1, Il7 and Hdgf (Fig. 3) . All of these genes showed the same relative expression patterns (MII>GV) as revealed by the microarray analysis.
Discussion
The maternal transcripts present in the early preimplantation embryo can be subdivided into two classes according to whether they are resynthesized soon after zygotic genome activation (ZGA). The first class of maternal mRNA is found in both the oocyte and early embryo and is replenished after zygotic genome activation. The second class of maternal mRNA is oocyte-specific mRNA that is not subsequently expressed from zygotic genes. Although these mRNAs may only b e ne c e s s a r y f o r e a r l y d ev e l o p m e nt a f t e r fertilization, they could actually be detrimental to this process [7] . In this study, we were able to precisely define which maternal transcripts are selectively degraded after maturation. To identify the mRNAs degraded early in oocyte maturation [5] , we subjected mRNAs from the GV-and MIIstage oocytes of mice using cDNA microarray analysis. Since mouse oocytes contain very little RNA, extracted RNAs were first subjected to two rounds of linear amplification using a RiboAmp HS RNA Amplification Kit in order to obtain enough experimental material. The microarray analysis allowed us to identify 1682 genes with more highly expression (P<0.05) in GV oocytes than in GV oocyt es a nd 1936 genes with more higher expression (P<0.05) in MII oocytes. We then classified these genes according to their known involvement in particular biological processes. Real-time RT-PCR was used to verify the results regarding 12 genes; the relative expression of these The critical transition event in oocyte maturation is the meiosis that occurs between the prophase I (germinal vesicle stage) and metaphase II stages. This event is accompanied by changes in nuclear morphology and cytoplasmic components and thus is likely to involve marked changes in the oocyte gene expression profile that are spatiotemporally l i n k ed w i t h m o r p h o g e n i c t r a n s i t i o n s a n d subsequent differentiation [8, 15, 16] . Indeed, we found that many of t h e g e n e s w i t h l o w e r expression in MII stage oocytes encode ribosomal proteins. Initiation of RNA synthesis is associated with a characteristic remodeling of the nucleolar architecture [17] . Although that role of ribosomal RNA in specific protein translation is unclear, the expression of various types of rRNA early in the GV stage (which is lacking in the MII stage) suggests that they may play critical roles in the specific protein synthesis needed for maintaining the prophase state or for preparing for the resumption of meiosis. Pacsin2 (protein kinase C and casein kinase substrate in neurons 2) and Map2k1 (mitogenactivated protein kinase kinase 1) are two particularly interesting genes highly expressed in MII-stage but not GV stage oocytes. Numerous studies have shown that MAPKs are activated during the resumption of meiosis in oocytes [18, 19] . Activation of MAPK in oocyte meiotic maturation requires that the upstream kinase MEK is first phosphorylated and activated by the MOS protein [20] ; MEK then in turn phosphorylates and activates MAPK [20] . With regard to Pacsin2, the protein kinase Cs (PKCs) form a family of Ser/Thr protein kinases (to which Pacsin2 belongs) that have been categorized into the following three subfamilies: classical, novel, and atypical. It has been shown that phospho-PKC (pan) occurs abundantly in the nucleus at the GV stage and seems to participate in mouse oocyte maturation, fertilization, and early embryonic mitosis [21] . Therefore, identification of genes that are upregulated in the MII stage may help us to better understand the processes that drive oocyte maturation.
In the present study, we found that a number of cell cycle-and microtubule-related genes are β-tubulin and are dynamic and intrinsically polar filaments. The cell cycle transition during meiotic maturation in mammalian oocytes appears to be accompanied by extensive reorganization of the microtubule network [22] [23] [24] . However, although many cytological studies have analyzed oocyte maturation and fertilization, little is known about the molecular aspects of microtubule assembly during oocyte maturation. Thus, our study helps identify some of the important players in this process.
We also found in the present study that the expression of ZP1, ZP2, ZP3 and Adam1a is altered during oocyte maturation. The expression ZP genes is much more highly expressed in GV oocytes than in MII oocytes, while Adam1a is more highly expressed in MII oocytes. In mammals, ZP2 has the highest sperm-binding activity. ZP3 also has sperm-binding activity but its activity is about one-sixth of that of ZP2, as estimated by a spermbead-binding assay [25] . The absence of a ZP is deleterious to oocyte growth, follicle development, and fertilization. It is likely that there is intercellular communication via gap junctions between growing oocytes and the innermost follicle cells and that ZPs establish a viscous border that is needed to stabilize the interactions between the two cell types and promote follicle development, including oocyte growth. With regard to Adam1a, previous mouse knockout studies indicate that expression of ADAM1, ADAM2, and ADAM3 is intricately related and plays a critical role in fertilization [26, 27] .
In the fully developed antral follicles of the Real-time RT-PCR analysis of selected genes with more highly expression (P<0.05) in GV oocytes than in MII oocytes. Shown are the fold differences in mRNA expression in the GV ( ), MII ( ), 1C ( ), and 2C ( ) stages after normalization to the internal standard (mouse histone H2a). The mRNA expression level in MII ( ) was arbitrarily set to one-fold. Fig. 3 . Real-time RT-PCR analysis of selected genes more highly expressed (P<0.05) in MII oocytes than in GV oocytes. Shown are the fold differences in mRNA expression in the GV ( ), MII ( ), 1C ( ), and 2C ( ) stages after normalization to the internal standard (mouse histone H2a). The mRNA expression level in GV ( ) was arbitrarily set to one-fold.
mammalian ovary, oocytes are arrested in meiotic prophase despite being fully able to resume meiosis [28, 29] . Although there are numerous external and internal signal proteins that have been found to participate in the resumption of meiosis during oocyte maturation, the luteinizing hormone surge is the signal that triggers oocyte reentry into the cell cycle prior to ovulation. In mammals, meiotic arrest at the G2/M transition is dependent on cAMP regulation, which is in turn dependent on the expression of G protein receptors [30, 31] . In the present study, we identified various G proteincoupled receptors and signal transduction-related genes that are upregulated during oocyte maturation.
In conclusion, we have used microarray analysis to identify the genes that are specifically and predominantly expressed in mouse GV and MII stage oocytes. The genes thus identified will be useful in further studies of the processes of oocyte maturation and fertilization in mammals; they may also serve as biomarkers of development and viability. Future studies using selective gene inactivation techniques, such as RNA interference, are required to dissect the roles these genes play in oocyte maturation and fertilization.
